ABSTRACT-To examine the influence of amikacin-induced acute renal damage on the urinary excre tion of furosemide and the time-dependent variation in the urinary amount of the agent, amikacin (1.2 g/kg) was given intraperitoneally to Wistar rats. Study I: Three percent b.w. of 1% NaCI solution was given orally before and after amikacin treatment, and an 8-hour urine for N-acetyl-,Q-o-glucosaminidase (NAG) was collected. Study II: Furosemide (30 mg/kg) in 3% b.w. of 1% NaCI solution was given orally at 12 a.m. or 12 p.m. before and after amikacin treatment, and an 8-hour urine for sodium and furosemide was collected. Following amikacin treatment, urinary excretion of NAG increased, while urine volume and urinary excretion of sodium and furosemide decreased. Urinary excretion of furosemide and its diuretic effects were significantly greater at 12 a.m. than at 12 p.m. before and after treatment. However the time-dependent differences in these parameters were diminished by amikacin treatment. These results suggest that the urinary excretion of furosemide is reduced and the extents of the time-dependent variation in the urinary furosemide and its diuretic effects are altered in rats with amikacin-induced renal damage.
We have previously reported that the urinary excre tion of furosemide, a loop diuretic agent, and its subse quent diuretic effects vary with the time of dosage in human subjects and animals (1 3) .
The aminoglycoside group of antibiotics is widely prescribed for the treatment of serious infections with gram negative bacteria. These agents can cause renal damage and lead to acute renal failure (ARF). Furo semide is frequently used to treat such patients, espe cially with an oliguric form of ARF (4) . Furosemide is mainly excreted in urine by the organic anion transport system of the renal proximal tubule and thereafter, exerts its diuretic effects (5, 6) . As aminoglycoside is taken up into the proximal tubular cells and causes damage to the tubular epithelium (7) , it is suspected that renal tubular secretion of furosemide is impaired in patients with aminoglycoside-induced ARF. However, to our knowledge, no data are available concerning the influence of ARF induced by aminoglycoside on urinary excretion of furosemide. If this was the case, the chro nopharmacological phenomenon of furosemide might also be influenced. To address these issues, the present study was undertaken to examine 1) whether the uri nary excretion of furosemide is reduced in rats with amikacin (an aminoglycoside antibiotics)-induced ARF, and 2) whether the time-dependent variation in the urinary amount of furosemide is altered in these ani mals.
MATERIALS AND METHODS
Male Wistar rats (Charles River Laboratory, Kana gawa, Japan) weighing 300 to 350 g were maintained for more than 2 weeks under conditions of light from 7 a.m. to 7 p.m. and dark from 7 p.m. to 7 a.m. with free access to food and water.
The following two studies were done in the present study.
Study I: Twenty-two rats were divided into two groups. Sublethal dose of amikacin (7) (1.2 g/kg in 1 ml of distilled water) was injected intraperitoneally (i.p.) to the 1st group of rats (n = 11), while 1 ml of vehicle alone was given i.p. to the 2nd group of animals (n = 11) on day 0 and again on day 7. Three percent body weight (b.w.) of 1% NaCI solution was given by gavage into the stomach to these groups of rats on day -2 (control period), 2 and 9. Urine was collected for 8 hr after each administration and urinary excretion of N acetyl-f3-o-glucosaminidase (NAG) was determined. At the end of the experiment, blood samples were obtained under pentobarbital anesthesia.
Study II: Twenty-two rats were divided into two groups. In experiment A, 3% b. The administration of the agent was randomly assigned to 12 a.m. or 12 p.m. The washout period between the two sets of trials was 7 days. Thereafter, 1.2 g/kg of amikacin in 1 ml of distilled water was injected i.p. to the 1st group of rats (n = 11), while 1 ml of water was injected i.p. to the 2nd group of animals (n = 11) on day 0 and again on day 7 (experiment B). The identical protocol of experiment A was repeated (the vehicle alone study on days 1 and 8 and the furosemide study on days 2 and 9). The activity of NAG in urine was determined by a colorimetric method (8) . Urinary furosemide concentra tion was measured by high pressure liquid chromatog raphy (9) . Serum concentration of creatinine and blood urea nitrogen (BUN) and urinary concentration of sodium were determined by an autoanalyzer (736, Hitachi, Tokyo, Japan).
The results are expressed as the means ± S.E. Data were analyzed by analysis of variance, and the paired or unpaired Student's t-test as appropriate. Fig. 1 . Urinary excretion of NAG and serum concentrations of creatinine and BUN in rats treated with amikacin (1.2 g/kg) or its vehicle (distilled water) on day 0 and again on day 7. Mean ± S.E. The open columns show data in the vehicle-treated rats (n = 11) and the shaded columns show data in the amikacin-treated animals (n = 11). Three percent body weight of 1% NaCI solution was given orally on days -2 (control period), 2 and 9, and urine was collected for 8 hr after administration. At the end of the ex periment, blood samples were obtained under pentobarbital anes thesia.
RESULTS
Study I: Urinary excretion of NAG increased follow ing amikacin on days 2 and 9 ( Fig. 1) . Serum BUN con centration in the amikacin-treated group was signifi cantly greater than that in the vehicle-treated group. Serum creatinine concentration also was greater in the amikacin-treated animals, but the difference did not reach significance.
Study II: When 3% b.w. of NaCI solution was given as a furosemide control, no significant difference was observed in urine volume or urinary sodium excretion in the collection period following the 12 a.m. adminis tration compared to the collection period beginning at 12 p.m. before (experiment A) and after (experiment B) the treatment with amikacin or its vehicle (Figs. 2   and 3) .
Urinary furosemide excretion and its diuretic effects significantly decreased following treatment with amika cin (Fig. 3) , but not vehicle (Fig. 2) , both in the day and night trials. The % reduction in these parameters by amikacin treatment did not significantly differ be tween the day and night trials (urine volume: day trial, 0.27 ± 0.06; night trial, 0.23 ± 0.12; urinary sodium: day trial, 0.30 ± 0.05; night trial, 0.29 ± 0.11; and urinary furosemide: day trial, 0.48 ± 0.09; night trial, 0.40 ± 0.08). The values of urine volume and urinary excretions of sodium and furosemide were significantly greater at 12 a.m. that at 12 p.m. before (experiment A) and after (experiment B) treatment in the amikacin and vehicle-treated groups of rats. However the time dependent differences in these parameters were dimi nished by amikacin treatment (Table 1 ). There were significant correlations between the urinary output of furosemide and its diuretic effects (urine volume and urinary sodium) in each study ( Table 1 . Time-dependent difference in urine volume (d UV) and urinary excretions of sodium (a U-Na) and furosemide (4 U-f) after furosemide administration in rats treated with amikacin or vehicle alone Table 2 . Relationship between urinary furosemide (U-f) and its diuretic effects [urine volume (UV) and urinary sodium (U-Na)] in rats treated with amikacin or vehicle alone DISCUSSION Serum BUN concentration was significantly higher and serum creatinine concentration tended to be higher in the amikacin-treated rats than in the vehicle-treated animals on day 9, which suggests that ARF was induced under the conditions of the present protocol. As the urinary NAG excretion significantly increased in the amikacin-treated rats on days 2 and 9, it is speculated that the proximal tubular cells were damaged during these experimental days following 1.2 g/kg of amikacin on day 0 and again on day 7 (7).
Urinary excretion of furosemide was reduced by treatment with amikacin in the present study. This might be due to the amikacin-induced damage of the renal proximal tubules which subsequently leads to the reduced secretion of furosemide. The present finding that the % reduction in urinary furosemide of the day and night trials did not significantly differ suggests that the degree of the inhibitory effect of amikacin on uri nary furosemide in the day trial was similar to that in the night trial. On the other hand, an absorption of furosemide from the gastrointestinal tract is reported to be impaired in patients with renal failure (10) . There fore, it remains possible that the absorption of furosemide was blunted in the amikacin-treated rats which, in turn, led to the decreased excretion of the agent. Pharmacokinetic studies are needed to evaluate this hypothesis.
We have previously published data indicating that the urinary excretion of furosemide in the day trial is great er than that in the night trial in rats with intact kidney (2, 3) . These data are confirmed in the present study. Such a time-dependent variation in the urinary amount of furosemide also was observed in rats with amikacin induced renal damage. However, the absolute value of the time-dependent difference in this parameter was significantly reduced in these animals because the uri nary excretion of furosemide decreased following ami kacin treatment in the day and night trials. These find ings suggest that the extent of the time-dependent variation in the urinary amount of furosemide is altered by a sublethal dose of amikacin.
The time-dependent difference in the diuretic effects of furosemide also was significantly reduced in the amikacin-treated rats. Significant correlations were observed between the urinary furosemide and its diure tic effects which is explained by the well-known concept that the diuretic effects of furosemide depend on its urinary amount (11) . In addition, the regression lines between urinary furosemide and its diuretic effects after amikacin treatment did not significantly differ from those before treatment. This suggests that the respon siveness of renal tubular cells to furosemide is not dis turbed in rats treated with 1.2 g/kg of amikacin. This might be explained by the fact that amikacin causes the damage to the proximal tubular cells (7), while furosemide acts on the thick ascending limb of Henle's loop (5) . Therefore, the reduction in the time-depend ent difference in the diuretic effects of furosemide might, at least in part, depend on the reduction in the time-dependent difference in the urinary furosemide in rats with amikacin.
In summary, the present study suggests that the uri nary excretion of furosemide is reduced and the extents of the time-dependent variation in the urinary amount of furosemide and its diuretic effects are altered in rats with amikacin-induced renal damage.
